Purpose: Preoperative airway colonization is associated with increased risk of postoperative respiratory complications following lung resection. This study compares the rates of preoperative lower respiratory tract colonization identified by traditional culture and novel 16S polymerase chain reaction (PCR) tests. Materials and methods: Preoperative sputum and bronchoalveolar lavage (BAL) samples for 49 lung resection patients underwent culture and 16S PCR analyses. Rates of positive test results were determined and relationships between test results and suspected postoperative respiratory tract infection and hospital length of stay (LOS) were investigated. Results: Preoperative BAL cultures were positive for 29 (59.2%) patients (population estimate 95%CI 45.2%-71.8%). 16S PCR tests were positive for 28 (57.1%) patients (population estimate 95%CI 43.3%-70.0%). 17 (34.7%) patients suffered suspected postoperative respiratory tract infection (population estimate 95%CI 22.9%-48.7%). Positive 16S PCR results tended to be associated with longer LOS (median 7.5 days vs 4.0 days for negative, p = 0.08) and increased risk of suspected postoperative respiratory tract infection (46.4% for positive vs 19.0% for negative, p = 0.07). Conclusions: Rates of colonization identified by culture and 16S PCR analyses of BAL samples were similar. Future research should attempt to clarify associations between airway colonization identified by 16S PCR and outcomes. 16S PCR may be useful when stratifying risk of postoperative respiratory complications.
Introduction
Lung cancer is the leading cause of cancer-related death throughout the world [1] . For those undergoing pulmonary resection to treat lung cancer, in-hospital mortality rates are around 4-15% depending on the extent of surgery [2] [3] [4] [5] . Postoperative respiratory tract infection is implicated in 36-73% of in-hospital deaths in this patient group [2, 6] .
Preoperative colonization of the lower respiratory tract is a risk factor for postoperative respiratory tract infection [7] . In previous studies using various methodologies, preoperative bronchial colonization was proven by culture analyses in 20-80% of lung cancer patients [2, 3, [8] [9] [10] [11] . According to a recent meta-analysis, the risk of postoperative respiratory complications for patients with preoperative airway colonization was around 20% compared with 10% for patients without colonization [7] . However, the association between colonization and postoperative pneumonia remains unclear as the proportion of cases in which organisms responsible for postoperative pneumonia match those identified in preoperative samples ranges from 21% to 85% [2, 3] in different studies.
Previous studies investigating the association between preoperative colonization of the lower respiratory tract and postoperative respiratory complications have used differing methods to obtain the preoperative samples (Table 1) . These have included bronchial brushings, bronchial swabs and blind tracheal aspiration [2, 3, 8, 9, 12] . Dancezicz et al. used fibre optic bronchoscopy to guide the collection of bronchoalveloar lavage (BAL) samples in patients with lung cancer in the non-operative setting [10] . Theoretically BAL sampling should allow the identification of organisms from deeper in the bronchial tree than the bronchial brushings technique. Using fibre optic bronchoscopy to guide the sampling would also ensure that samples are taken from both lungs and allow the operator to target areas with signs of inflammation or increased secretion load.
These previous studies employed traditional microbiological culturing methods to detect colonization. This methodology often fails to identify fastidious organisms [7] . More sensitive molecular tests such as the 16S PCR which can identify organisms which are difficult to culture may be better suited to the identification of colonization.
This prospective, observational study involved the collection of a sputum sample and fibre-optic bronchoscopy guided BAL samples for patients undergoing lung resection surgery (pneumonectomy, lobectomy, bilobectomy or wedge resection). Samples were subjected to microbiological culture and sensitivity analyses and BAL samples were also analysed using 16S polymerase chain reaction (PCR) tests. The study aimed to determine the incidences of preoperative colonization of the lower respiratory tract identified by microbiological culture of sputum and BAL samples and 16S PCR analyses of BAL samples. The incidence of suspected postoperative respiratory tract infection after lung resection surgery was also determined. Having quantified these incidences in our sample, we calculated estimates of the population incidences with 95% confidence intervals (CI). Finally, we investigated the associations between preoperative colonization identified by different methods and suspected postoperative respiratory tract infection and hospital length of stay (LOS).
Materials and methods
The study was performed according to R&D approval from our institution and ethical approval from the local National Research Ethics Committee (ref. 15 /NM/0069). Adult patients undergoing lung resection surgery defined as pneumonectomy, lobectomy, bilobectomy or wedge resection were considered eligible for the study. Patients taking antimicrobials at the time of surgery and those unable to provide informed consent for participation were excluded.
53 patients presenting to our institution for lung resection surgery consented to participate in the study. One patient was excluded due to being treated with antibiotics preoperatively.
All eligible patients provided a sputum sample on the day of their operation. For each patient, BAL samples were taken during fibre optic bronchoscopy which occurs routinely in our institution between induction of anaesthesia and the onset of surgery. The operating surgeon performed one BAL for each lung while the patient was supine using 10mls of normal saline prior to positioning for surgery. All samples were taken before prophylactic antibiotics were administered. All samples were subjected to culture and sensitivity analyses in our institution's microbiology department. BAL samples were also sent for 16S PCR testing according to the in-house processing protocol at the Public Health England laboratory, Colindale, London [13] . Samples from three patients were not sent for 16S PCR examination in a deviation from the research protocol in the pathology laboratory. These patients were excluded from the study.
Results of the microbiological tests and outcome data were obtained from the hospital pathology database and the case notes respectively. The suspected infection end point was met where suspicion of post-operative respiratory tract infection was documented in the case notes or antibiotics were administered according to hospital protocol for treating respiratory tract infection. LOS was defined as the number of days from surgery to discharge from hospital.
Sample size calculation
To estimate the accuracy this study could expect to provide when reporting the rates of positive test results, theoretical 95% confidence intervals (CI) for the population incidences of positive results were calculated. These 95% CIs were based on previously reported incidences of positive BAL culture analyses and were determined using the Wilson score interval method [14] . The rates of positive BAL cultures in the literature range from 20% [2] to 80% [3] . Assuming a sample size of 50 patients and positive test rates of 20% or 80%, the 95% CIs would be 11%-33% or 67%-89% respectively. The widest possible 95% CI interval would occur if the positive test rate was 50%, in which case the 95% CI would be 37%-63%.
Statistical analysis
Distributions of non-parametric variables were described using the median and interquartile range (IQR). The 95% CI for the population estimates for the proportions of patients testing positive by each test and the proportion of patients suffering suspected postoperative respiratory tract infections were calculated using the Wilson score interval method [14] . The results of each patient's BAL test results were cross tabulated to allow comparison. Comparison of LOS for different groups was performed using the Wilcoxon rank sum test. Comparisons of proportions suffering suspected postoperative respiratory tract infection were performed using Fisher's exact test due to the low number of outcomes.
Results
Data from 49 patients were included in the analyses. The median (IQR) age of patients was 69 (34-74) years. 28 (57.1%) of patients were female and the most commonly performed procedure was a lobectomy (n = 34). Further details including patient co-morbidities can be found in Table 2 . The median (IQR) LOS in hospital was 4.0 (3.0-8.0) days. One patient died prior to discharge from hospital. The death was related to a postoperative pneumonia and subsequent respiratory failure. 17 patients (34.7%) suffered a suspected respiratory tract infection postoperatively. The 95% CI for the estimate of the incidence of suspected postoperative respiratory tract infection in this institution's lung resection population was 22.9%-48.7%.
Sputum samples were not analysed in five cases due to the samples not complying with the laboratory specimen acceptance policy. Culture analyses identified organisms in 43 of the 44 sputum samples analysed. As sputum samples had passed through the upper respiratory tract, samples which identified only "normal upper respiratory tract flora" were classified as negative (n = 32). Sputum cultures identified specific organisms in 11 patients but in four of these cases the organism was Candida albicans which was considered to represent upper respiratory tract colonization.
The results of all tests performed on the BAL samples are shown in Table 3 . As BALs were taken directly from deep in the bronchial tree through a newly inserted endotracheal tube, BAL samples which identified "normal upper respiratory tract flora" were classified as positivethey were considered to represent true colonization of the lower respiratory tract. BAL culture was positive for 29 (59.2%) patients. In 18 of these patients "normal upper respiratory tract flora" were identified in the BAL sample. 16S PCR analysis of BAL samples identified bacterial RNA in 28 (57.1%) of the 49 patients ( Table 3 ). The organisms most commonly identified by PCR analyses (Table 4) were Haemophilus Influenzae (n = 6), Prevotella sp. (n = 6) and Streptococcus sp. (n = 7).
The calculated 95%CIs for the incidences of positive BAL culture and positive BAL PCR in this patient population were 45.2%-71.8% and 43.3%-70.0% respectively. There was agreement between the results of both testing methods in 38 (77.6%) patients ( Table 3 ). The 95% CI for the proportion of patients in whom the tests agreed was 64.1-87.0%. In six cases, culture identified organisms in patients with negative PCR analyses (including fungal pathogens in two patients) and in five cases, PCR was positive while culture was negative (Tables 3 and 4) .
In seven cases the bacteria identified on culture were sensitive to cefuroxime (our institution's prophylactic antibiotic). Fungal pathogens were not covered by the antimicrobial prophylaxis provided in our institution. Samples identifying "normal respiratory tract flora" were not subjected to antibiotic sensitivity testing.
The outcomes for patients grouped according to the results of their BAL culture and 16S PCR tests are shown in Table 5 . No difference in outcomes achieved statistical significance although it should be noted that the study was only powered to compare the incidences of positive test results and not to allow comparisons of the test's accuracy when predicting postoperative infection. However, compared with those with negative PCR tests, patients with a positive PCR test tended to experience longer length of stay (p = 0.08) and tended to have an increased risk of suffering postopertive respiratory tract infection (p = 0.07).
The sensitivity and specificity for the BAL culture when identifying those who would develop a suspected postoperative respiratory tract infection were 0.65 and 0.44 respectively. The equivalent values for the sensitivity and specificity of the 16S PCR test were 0.76 and 0.53.
Discussion
Traditional culture analyses of sputum samples identified organisms in all but one patient. Sputum samples which revealed "normal upper respiratory tract flora" were classified as negative because the organisms are likely to have entered the sputum as it passed through the upper airway during expectoration. As the majority of colonization occurs through micro-aspiration of upper respiratory tract secretions [15] most colonizing organisms will be upper airway commensals. The inability of sputum sampling to determine whether an organism present in the sample originated from the upper or lower airway is therefore a major limitation to the usefulness of sputum samples for the detection of colonization of the lower respiratory tract. In contrast, organisms identified in BAL samples taken through an endotracheal tube from the bronchial tree are unlikely to represent contamination and more likely to represent true colonization of the lower respiratory tract.
The incidences of airway colonization identified by culture and 16S PCR analyses of BAL samples were higher than in some earlier studies [2, 9, 10, 12] due to our classification method. These previous studies separated the organisms identified into potentially pathogenic and nonpathogenic organisms. However, this classification is somewhat subjective, particularly in the cohort of high risk patients studied. Therefore, in this study, identification of any organism in samples taken directly from the lower respiratory tract resulted in a positive test result. Thus the incidence of colonization was similar to those found in other studies which included all organisms when defining colonization [3, 8] . Further work could investigate the relative significance of colonization by specific pathogens when identifying patients at risk of adverse outcomes. That was outside the scope of this study. Table 4 Organisms identified from BAL samples. Table 5 Outcomes for patients according to BAL sample analysis. Another reason for the higher incidence of colonization identified in our study may be the sampling technique employed. Use of fibre optic bronchoscopy to guide the BALs ensured that samples were taken from sites where the clinician performing the procedure saw most inflammation and secretions in each lung. Use of BAL also ensured that pathogens from deeper in the bronchial tree than those obtainable by bronchial swabbing and brushing were sampled.
Test result (N) Treatment for chest infection (%) LOS, days, median (IQR)
While the proportions of patients testing positive using each method were almost identical, there was only agreement between the tests in around three quarters of the patients. While our study was not powered to detect correlation between positive tests and adverse outcomes, there were non-statistically significant trends for positive PCR results but not culture results being associated with suspected postoperative respiratory tract infection and longer LOS. This difference should be investigated further in larger studies and differences between outcomes of those with colonization identified by each method should be quantified.
Seven of the nine specific bacteria identified in preoperative cultures were sensitive to our institution's antibiotic prophylaxis. However, when considering all potentially pathogenic organisms cultured from the preoperative samples (including fungi), our institution's antimicrobial prophylaxis only covered 63.6% of the organisms identified. The antibiotic sensitivities of the organisms identified only by PCR analysis were not determined and neither were those of the "normal upper respiratory tract flora" bacteria. The relevance of antibiotic sensitivities of colonizing organisms is debatable as it is not possible to justify administration of prophylaxis to cover all colonizing agents especially in the era of increasing antibiotic resistance. However, although there is no proven link between organisms identified as preoperative colonizers and those responsible for postoperative infections it seems prudent to ensure antibiotic prophylaxis covers the most frequently pathogenic organisms identified in the preoperative samples.
Among the organisms detected by PCR in patients where culture analyses revealed no growth or only normal upper respiratory tract flora, Prevotella, Streptococcus and Veillonella species were the most common. Other PCR-identified organisms not specifically identified by culture analysis included Neisseria cinerea and Neisseria meningtidis, Haemophilus influenzae, Streptococcus parasanguinis, Brevunidmonas, Escherichia coli and Shigella. A number of these organisms are fastidious and the ability of 16S PCR to identify them is a potential advantage over traditional culturing techniques. The clinical relevance of these largely commensal organisms should be the focus of future investigations.
Suspected rather than proven respiratory tract infection was chosen as our endpoint. This decision was made to ensure all patients who suffered important complications postoperatively were recognised. In a previous study, where multiple respiratory tract samples were taken from patients with clear clinical signs of respiratory tract infection immediately prior to starting antibiotic therapy, organisms were only identified in 40% of patients [2] . Moreover, all patients in this current study received prophylactic antibiotics perioperatively so it was anticipated that an even larger proportion of clinically identifiable postoperative infections would not be confirmed by microbiological cultures [16] . Therefore, in order to ensure all patients who suffered a postoperative respiratory tract infection were identified, suspicion rather than microbiological proof of infection was used as the end point.
Limitations
This study was not blinded as it was considered unethical to withhold information concerning the organisms present in patients' lungs around the time of their surgery. Therefore the initiation of antibiotics may have been influenced by the presence of positive microbiological results. This was more likely for culture analyses of sputum and BAL samples where specific organisms were identified as the results were typically available within 2 days. Positive 16S PCR results are less likely to have influenced treatments as the mean time to result availability was 5 days.
In this study the PCR analyses were conducted off site and this contributed to the delay of around 5 days between the samples being taken and the results being received. The delay in receiving the PCR results is likely to limit their clinical utility. The cost of each BAL test at £160 was also ten times higher than the conventional culture analysis. However, as new molecular identification technologies become cheaper and deliver results more quickly they may become better suited to the detection of preoperative airway colonization than traditional cultures. This can only happen if their clinical validity can be demonstrated. Future work should use a larger sample to clarify the relationship between positive PCR results in preoperative BAL samples and clinical outcomes.
Conclusion
This study has shown that 16S PCR analyses identify colonizing bacteria in a similar proportion of preoperative BAL samples as traditional culture. This study should lead to a larger study to compare the rates of adverse outcomes in groups of patients who are found to have preoperative lower airway colonization by 16S PCR and traditional culture analyses.
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